Highly reflective roofs can decrease the energy required for building air conditioning, help mitigate the urban heat island effect, and slow global warming. However, these benefits are diminished by soiling and weathering processes that reduce the solar reflectance of most roofing materials. Soiling results from the deposition of atmospheric particulate matter and the growth of microorganisms, both of which absorb sunlight.
Introduction
Highly reflective roofs can decrease the energy required for building air conditioning, help mitigate the urban heat island effect, and slow global warming. Replacing a conventional dark gray roof with a solar-reflective white roof can reduce a commercial building's annual conditioning energy use in the US by about 20% [1] . Similar effects have been reported for different European climates [2] [3] [4] . Widespread use of cool roofs can help mitigate the urban heat island effect by lowering outside air temperatures. This can further decrease conditioning energy use by another 10%, and reduce the temperature-dependent rate of smog formation [5] . Replacing 100 m 2 of a dark roof (solar reflectance, or "albedo," 0.15) with an aged white roof (albedo 0.55) induces a negative radiative forcing in the global atmospheric energy balance sufficient to offset the emission of 28 t of CO2, worth US$700 at US$25/t CO2. This is equivalent to a 7 kg CO2 per m 2 offset per 0.01 increase of surface albedo. Increasing the albedo of the roofs for all cities between latitudes 45°S and 45°N by an average of 0.25 could offset about 90 Gt CO2, equal to about three years of global CO2 emission [6, 7] .
Most "cool" roofs can have a very high solar reflectance, but their solar reflectance decreases by soiling and weathering [1, 8] . Soiling processes include deposition of atmospheric black carbon, dust, organic and inorganic particulate matter, as well as microbiological growth. Material weathering results from exposure to moisture and ultraviolet (UV) radiation, and to diurnal temperature cycles. Installed roofing products may take several years to reach a quasi steady reflectance, modulated by the seasonal variability in precipitation, dust deposition, and air pollution, as well as by physical and chemical changes to the exposed materials. These weathering processes have been documented by Berdahl et al. [9] .
Part I of our current series on the aging of roofing materials [10] analyzed the initial and aged radiative properties of hundreds of products rated by the Cool Roof Rating
Council (CRRC) or by the Energy Star program of the U.S. Environmental Protection
Agency (EPA). Part II (this article) details the chemical, physical and microbiological nature of soiling agents, and the transformations that occur on building envelope surfaces.
It then describes the application of this information to develop a laboratory method that replicates three years of natural exposure within a few days.
Composition of soiling present on urban surfaces
Deposition of atmospheric particulate matter is the dominant source of soiling agents accumulating on exposed building surfaces. Thus, the composition of material deposited on buildings reflects the main constituents of atmospheric particulate matter [11, 12] .
Glass substrates exposed in six European cities collected four major constituents of particulate matter emitted from human activities, generated by natural processes, and formed in the atmosphere: dust minerals (28-66 wt%), black carbon (4-12 wt%), organic matter (8-36 wt%) and soluble salts (18-27 wt%) [11] . Black carbon and organic matter are major components of soot particles emitted during the combustion of fossil fuel and biomass. A substantial portion of the particulate organic matter commonly referred to as secondary organic aerosol is formed in the atmosphere. Black carbon, which is largely elemental in composition and thus also referred to as elemental carbon, strongly absorbs solar radiation. Some particulate organic matter, especially that emitted from biomass combustion, also absorbs sunlight, though with much greater wavelength selectivity and lower mass-absorption efficiency than black carbon [13] . Light-absorbing organic matter contains highly polymerized humic-like substances that are brown in color [14] .
Windblown dust is a spectrally selective and relatively weak absorber owing to the presence of iron oxides [15] . Particulate salts from evaporated sea spray and secondary aerosol salts such as ammonium nitrate and ammonium sulfate are light scattering [16] .
On building surfaces, black carbon is coated with organics and salts [11] . Consistent with the composition of atmospheric particulate matter [17] , organic carbon is more abundant than black carbon in urban soiling [11, [18] [19] [20] [21] [22] . Deposition of atmospheric SO2
to urban surfaces is a major source of inorganic soiling (sulfates), leading to the degradation of limestone, granite, metal, and glass surfaces [12, [22] [23] [24] [25] [26] . Sulfates and nitrates are the predominant inorganic anions found in building soiling patinas [18, 23] .
The principal water-soluble cations found in building surfaces (crusts, patinas and dust) [11, 12] . The amount of soiling material on surfaces also depends on accumulation or loss of individual constituents due to wind, dissolution in water, and/or runoff [23, 25, 27] .
Microbial growth can be a major agent of roof soiling in humid climates. The capacity of roofing materials to capture and retain moisture in porous structures or to leach organic compounds that feed microbial colonies favors the growth of bacteria, fungi, algae and lichen. Deposition of atmospheric particulate matter also promotes microbial growth [28] . The complexity and composition of microbial colonies is sitespecific and depends on the nature of the surface material, rainfall, and relative humidity [20, 29] . Lichen colonies excrete oxalic acid that degrade ceramic tiles (biocorrosion) [30] . Green microalgae form biofilms at interfaces in roof tiles, concrete, building façades and other urban surfaces [31] [32] [33] . Numerous fungi (Aspergillus, Stachybotrys, Epicoccum) and bacteria (Streptomyces) synthesize melanins that are generally dark [34] [35] [36] . Cyanobacteria dark crusts have been observed on the surfaces of limestone monuments [37] and building façades [32, 33] . Key chemical constituents of microbiological soiling are complex mixtures of polysaccharides present in the cell wall, capsule and slime, as well as those secreted by algae and cyanobacteria to facilitate adhesion to surfaces [38, 39] . Over time, as colonies die, melanins and polysaccharides become persistent constituents of microbial soiling due to their resistance to photooxidation and other degradation processes.
Rating of aged roofing materials
The CRRC product rating program [40] and the US EPA's Energy Star labeling program [41] each report values of solar reflectance and thermal emittance of products in new condition and after three years of natural outdoor exposure. While a roofing product is undergoing this three year exposure, the California Energy Commission's "Title 24"
building energy efficiency standard [42] calculates for compliance a provisional value of aged solar reflectance based on initial solar reflectance. Part I of this series analyzed the initial and aged solar reflectances of 586 CRRC-rated products exposed at three sites selected by the CRRC: Miami, Florida (hot and humid); Phoenix, Arizona (hot and dry);
and Cleveland, Ohio (temperate but polluted) [10] . The analysis concluded that the 2008
Title 24 linear formula for provisional aged solar reflectance over-predicted the CRRCreported measured aged solar reflectance of up to 30% of the products in certain categories. The rate of overprediction was greatest for field-applied coating and singleply membrane products, and least for factory-applied coating, shingle, and metal products.
4 Development of an accelerated method to mimic the aged radiative properties of roofing materials
Selection of tested roofing materials
Initially, nineteen roofing products in seven categories (asphalt shingles, tiles, singleply membranes, metal roofing, modified bitumen capsheets, factory and field applied coatings) were used to develop the accelerated aging method. Table 1 lists the range of colors and initial solar reflectances of the tested products. These products were selected from more than 100 roofing materials available from 40 US and international roofing manufacturers. Selection criteria included diversity of products and colors, wide range of initial solar reflectance, and significant market share. Also, we included only flat products whose radiative properties could be readily measured using ASTM methods.
Since several of these products were not yet rated by CRRC at the time of this study, a second set of 25 rated products (also listed in Table 1 ) was used to validate the protocol.
Radiative measurements
Once the roofing samples were selected, we then proceeded to measure their initial radiative properties to have an initial point of comparison, using the following methods: Labsphere integrating sphere was used to measure the solar spectral reflectance of each coupon. Spectral reflectance was measured from 250 to 2500 nm at an interval of 5 nm at a minimum of three different spots on each coupon, and then averaged. To keep the integrating sphere clean, a quartz window was installed at its reflectance port, which separated the vertically mounted sample from the integrating sphere. Since this spectral reflectance is perturbed by the presence of the window 1 , we refer to it as "throughwindow" spectral reflectance.
Solar reflectance
Our primary measure of solar reflectance was provided by the Solar Spectrum
Reflectometer. However, we also used through-window spectral reflectance to calculate through-window solar reflectance Ŝ (300 -2500 nm) and through-window visible reflectance Vˆ (400 -700 nm 
Artificial soiling
While 
Soiling agents
Four soiling agents were selected to mimic natural soiling as described in Section 2:
black carbon, mineral dust, inorganic salts, and humic acids (organics). The chemical structure of these acids is comparable to atmospheric oxidized organic particles and to decomposition products and residues from microbiological soiling agents, such as algae, These individual components were mixed in various ratios to simulate soiling in different climates. Three soiling mixtures were optimized to reproduce the site-specific solar spectral reflectance features of roofing products exposed in a hot and humid climate (Miami, Florida); a hot and dry climate (Phoenix, Arizona); and a polluted atmosphere in a temperate climate (Cleveland, Ohio), respectively. A fourth mixture was designed to reproduce the three-site average aged solar reflectance and thermal emittance values that the CRRC requires for the rating of roofing products. This average mixture was prepared by mixing in equal parts the four soiling dispersions described above.
Soiling apparatus and method
We created a prototype apparatus for spraying the aqueous suspensions of soiling agents onto roofing product coupons. As illustrated in Figure 1 , a vessel containing the aqueous mixture is pressurized with air and connected to a nozzle that sprays a fine mist i. Using the same conditions used above, three additional clean reference coupons are sequentially soiled and dried, then measured to determine that the procedure is repeatable with a standard deviation that does not exceed 0.02.
j. Once the wet soiling mass, the uniformity of spraying pattern and the standard deviation conditions are met, conditioned roofing coupons to be tested are soiled one at a time using identical conditions as the reference coupon.
Effects of individual soiling agents on reflectance
As illustrated in Figure 3 , black carbon reduced the reflectance of the white single-ply membrane across the entire solar spectrum. Per unit dry mass applied, black carbon reduced the solar reflectance of samples more than other soiling agents. Humic acid and dust surrogates reduced the reflectance in the visible and ultraviolet regions. Inorganic salts did not measurably influence spectral reflectance but were included in the soiling mixture because they can increase the solar reflectance of dark surfaces and also affect the adhesion of soiling constituents to surfaces due to their water solubility. Doseresponse relationships between soiling loading and reflectance loss are shown in Figure 4 for black carbon and humic acid using the through-window solar and visible reflectances Ŝ and Vˆ defined in Section 4.2.2. These relationships were determined by calculating The contribution of salts to the loss of reflectance was negligible. Using the correlations shown in Figure 4 , it is possible to predict the loss of reflectance from dry coverage. For example, Figure 4b shows that the ratio of soiled to clean solar reflectance of a lightcolored surface with 0.5 µg cm -2 of deposited black carbon is about 0.87, which is in good agreement with a previous study reporting a ratio of 0.91 [9] .
Soiling mixture formulation
Based on the correlations described in Section 4.3.3, specific soiling mixtures were created to mimic the spectral reflectance and solar reflectance of aged samples in each of the three CRRC-specified locations (AZ, OH and FL). The optimization of the mixtures was performed by comparing the spectral reflectance of laboratory-soiled coupons with naturally aged coupons of the same products retreived from the three CRRC-specified locations. In addition to site-specific mixtures, a three-site average mixture was prepared to simulate the three-site average solar reflectance after three years of exposure. Figure 5 shows 
Artificial conditioning and weathering
A commercial QUV testing chamber (Q-Lab Corp.; Westlake, OH) was used to condition coupons before soiling and to simulate outdoor weathering after soiling.
Conditioning in the QUV was tested to investigate its effect on the subsequent soiling by affecting the surface properties of roofing samples (e.g., roughness, hyrophobicity). On ther other hand, weathering after soiling was studied to evaluate how the soiling applied on roofing samples can be washed, in a manner that simulates the natural weathering where rain and moisture can partially clean soiled roofs. 
Conditioning samples before soiling
Conditioning in the QUV instrument was performed following ASTM G154 cycle 1 Considering that the change in solar reflectance because of conditioning was in most cases (except for modified bitumen) equally small for one day and longer durations, one day of conditioning was considered sufficient.
Although conditioning alone did not significantly influence the solar reflectance of roofing samples or lead to mechanical failure, we investigated its effect on the adhesion of soiling constituents. As shown in Figure 7b , loss of solar reflectance was slightly more pronounced for most samples if a one-day conditioning step was performed before soiling. Thus, the conditioning step increased the adherence of soiling constituents subsequently added to the surface of roofing samples, probably because water uptake and UV irradiation change the surface roughness and hydrophobicity [59] [60] [61] . These findings indicate that a brief conditioning phase is influential in the accelerated aging process.
Weathering samples after soiling
A weathering step after soiling was included to simulate natural exposure to water, UV and high temperatures (Figure 7c ). One day of exposure (ASTM G154 cycle 1)
partially removed some deposited soiling constituents, thus reducing the loss of solar reflectance. Increasing weathering duration from one day to one week (not shown) did not affect the loss of solar reflectance for 17 out of the 19 products. This suggests that the readily removable fraction of the soil layer is eliminated after one day in the weatherometer, and that longer weathering periods are unnecessary in the simulation of natural cleaning. The two exceptions were modified bitumen and one of the field applied coatings. In both cases, noticeable loss of solar reflectance due to yellowing of the surface was observed, suggesting a poor stability of the polymeric coating during weathering in the QUV.
Given the short sample exposure time during conditioning in the weatherometer before and after soiling, our method is aimed at mimicking natural changes in solar reflectance in the absence of major physical damage, such as coating delamination. Many material durability tests require much longer periods of exposure (> 1000 hours) in order to achieve material degradation [62, 63] .
Accelerated aging process
Based on the results presented above, we developed the three-step accelerated aging process diagrammed in Figure 8: a. A roofing coupon is conditioned using ASTM G154 cycle 1 for one day.
b. A soiling mixture is deposited on the conditioned coupon under controlled spraying conditions after calibrating the spraying system following . The coupon is then dried under an infrared lamp.
c. The soiled and dried coupon is weathered using ASTM G154 cycle 1 for one day.
Comparison of accelerated aging to natural aging

Comparison with the three-site average aged values of solar reflectance and thermal emittance
The three-site average values of aged solar reflectance and aged thermal emittance reported by the CRRC for 25 roofing samples were compared with the solar reflectances and thermal emittances obtained using the laboratory accelerated aging process illustrated in Figure 8 . samples. In this case, we observed that the surface of naturally exposed sample yellowed more than that of the lab-aged sample likely due to the relatively short accelerated weathering cycles in the laboratory method. Overall, small discrepancies observed between materials exposed in the laboratory and the field may be due to that fact that our method does not mimic all features of microbial soiling or extreme physical-chemical changes that occur in some materials. For simplicity, our method does not grow microorganisms on the surface of roofing products and thus is unable to gauge resistance of these products to microbial growth. While humic acid can serve as a surrogate for decomposition products of algae and cyanobacteria (e.g., melanin and polysaccarides, as discussed in Section 2), the large variety of microbial species that can grow on roofing surfaces may change their spectral reflectance in ways that our laboratory method does not perfectly mimic. Figure 10b compares the mean loss of solar reflectance reported by the CRRC for eight single-ply membranes to that obtained using the accelerated aging method. (These membranes are a subset of the 25 samples shown in Figure 9 .) In addition to mimicking well the change in solar reflectance for each product, these data illustrate that our method also reproduces the trends of product performance for the eight products. This suggests that our method may be useful in ranking new products during prototyping. Application of the laboratory method of accelerated aging in lieu of lengthy natural exposure may help to identify and speed the development new products. Figure 11 compares the through-window solar spectral reflectances of a white fieldapplied coating soiled in the laboratory with site-specific mixtures to those of white fieldapplied coatings exposed for three years in each of the three CRRC-specified sites. The spectra match very well for samples exposed in Arizona and Ohio. However, the reflectance spectrum of the laboratory-aged sample is different from that of the sample naturally aged in Florida, particularly in the visible region. This is likely the result of absorption of visible light by microorganisms [64] . Microbial growth on roofing materials exposed in hot and humid climates, such as those in Florida, can be extreme enough to greatly change their appearance and albedo in ways that cannot be reproduced by our method. Other methods have been developed to examine microbial growth on surfaces [65] [66] [67] .
Comparison with individual CRRC-specified natural exposure locations
Precision of the accelerated aging method
To determine the method's precision, the experimental protocol described in Figure 8 was applied to a sub-set of 12 roofing products (3 single-ply membranes, 2 field applied coatings, 2 modified bitumen capsheet, 1 bare metal, 1 factory applied coating, 2 tiles and 1 asphalt shingle). For each product, four replicate coupons were used. Measurements of the solar reflectance at three non-overlapping spots of the surface were performed.
According to ASTM E177-13 [68] , the repeatability is precision determined from multiple test results conducted under repeatability conditions, where the test method is conducted by a single, well-trained operator usinf one set of equipment. It is a means for quantifying the uncertainty in the observed difference between identical samples submitted for analysis to a single lab, and can be defined as:
where 2.77 is a constant obtaining by multiplying the inverse of the standard normal cumulative distribution for a confidence interval of 95% (which is equal to An inter-laboratory study following ASTM Standard E691 is underway to determine the inter-laboratory precision of the method (repeatability and reproducibility). The method will be reproduced by a minimum of six laboratories and results will reported separately in a future publication.
Conclusions
The At the time that this manuscript is in preparation, the accelerated aging method developed in this study is under consideration as an ASTM standard. No single approach can simulate all possible climates and their effects on the performance of every product. Nevertheless, given the positive attributes summarized above, it is envisioned that this method will be extremely useful for industry to speed prototyping and the development of high performance building envelope materials that resist soiling, Figure 4 . Effect of increasing dry coverage rate z (retained mass of sprayed soiling agent per unit area) of black carbon (top) and humic acid (bottom) on the reflectance spectrum (left) and on relative changes in reflectance (right) of a soiled white single-ply membrane. Sˆ Sˆ is the ratio of soiled to initial through-window solar reflectance (250 -2500 nm), while Vˆ Vˆ is the ratio of soiled to initial through-window visible reflectance (400-700 nm). Each through-window broadband reflectance was calculated by weighting throughwindow spectral reflectance with the beam-normal solar spectral irradiance specified by ASTM E891-87(1992). k carbon c acid Figure 5 . Dry mass fractions of soiling mixtures used to mimic the solar reflectance of roofing materials naturally exposed for three years in Arizona, Ohio and Florida, and to mimic the three-site average. Comparison between the spectral reflectance of laboratory aged white fieldapplied coating and those exposed for three years in Arizona (a), Ohio (b), and Florida (c). The dashed lines represent the limits for the visible region at 400 nm and 700 nm. Laboratory aging was performed using site-specific mixtures described in Figure 5 .
